Abstract Magnetic Fe 3 O 4 @graphene-phenolic resin (FGR-PR) composites with negative permittivity were prepared by chemical coprecipitation and pressing method. Alternating current conductivity, permittivity, and permeability of the FGR-PR composites were investigated. An obvious percolation phenomenon was observed with the increase of FGR content from 84 to 91 vol%. Two types of negative permittivity attributed to the Lorentz and the Drude model, respectively, w e r e o b s e r v e d i n t h e c o m p o s i t e s . D u e t o t h e magnetocrystalline anisotropy and saturation magnetization, the real permeability enhanced from 1.17 to 4.1 with the increasing FGR content from 6 to 98 vol%. In addition, the frequency dispersion of permeability was attributed to the domain wall and the gyromagnetic spin resonance. The magnetic loss decreased firstly in the low frequency, attributing to the natural resonance, and then increased in the high frequency from the eddy current.
Introduction
Carbon-based materials have attracted much attention due to excellent mechanical, chemical, and electronic properties. As a main member of the carbon-based materials, graphene (GR) with two-dimensional (2D) structure shows high thermal conductivity, large specific surface area, high mechanical stiffness, high electronic mobility, and other extraordinary properties [1] [2] [3] [4] . As a result, GR used as efficient additives is often incorporated into polymer matrix to enhance the conductive and mechanical properties of polymers. For instance, GR sheets-poly(3,4-ethylenedioxythiophene) composites have been prepared to obtain enhanced electromagnetic wave absorption properties with the value of reflection loss up to − 48.1 dB at about 10.5 GHz [5] . GR nanoplates-basalt fiber-epoxy resin composites with significantly increased dielectric permittivity and dielectric loss were observed, owing to the addition of GR nanoplates [6] .
Metacomposites represent materials exhibiting negative electromagnetic parameters from conventional composing methods. Due to these excellent properties of GR, they are also used to fabricate conventional metacomposites with negative permittivity. The conventional metacomposites exhibit unique properties and show excellent applications in capacitors, electromagnetic interference shielding or absorbing, and other fields [7] [8] [9] [10] [11] [12] [13] . Bian et al. [14] have designed the Fibonacci photonic crystals-GR material with negative permittivity which shows great energy amplification. GR-silica metacomposites have been obtained and are beneficial to the development of nanoscale optical devices [15] . The parameters with negative permittivity have been analyzed in the optical material of graphene oxide (GO) [16] . The remarkable electromagnetic interference shielding effectiveness of 91.9 dB has been reported from GR foam-poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) composites with negative permittivity [17] . The negative permittivity from the multilayered structure composed of periodic arrays of GR ribbons is obtained in stopband regions [18] . The excellent mechanical properties and electrical conductivity have been achieved in the GR nanosheet/Al 2 O 3 ceramics with negative permittivity due to the outstanding advantages of GR nanosheets [19] .
In our previous work, GR-based conventional metacomposites with negative permittivity were designed, such as GR-phenolic resin (PR) and GR-acrylic polyurethane composites [20] [21] [22] . However, due to the fact that GR lacks magnetic properties, the applications of these conventional metacomposites have been limited in some fields, such as magnetic recording systems, computer memory, and magnetoresistance sensors [23] [24] [25] [26] [27] . In addition, if the conventional metacomposites exhibit negative permittivity and magnetic properties simultaneously, they also show great potential applications in bi-gyrotropic materials and magneto-optical materials [28] [29] [30] . At present, there are few reports about metacomposites with negative permittivity and magnetic properties simultaneously. In this work, Fe 3 O 4 @GR (FGR) powder with magnetic properties was prepared by chemical coprecipitation method, and then it was incorporated into the PR matrix to fabricate FGR-PR composites with tunable negative permittivity and magnetic properties. Microstructures of the FGR-PR composites were observed by field emission scanning electron microscopy (FESEM). Dielectric properties including alternating current conductivity (σ ac ), permittivity (ε′ and ɛ″), dielectric loss tangent (tanδ ε ), and magnetic properties including permeability (μ′ and μ″) and magnetic loss tangent (tanδ μ ) were investigated in detail. 3+ to Fe 2+ was 1:1.5) were added into the 30-ml distilled water and dispersed with ultrasound for 30 min. The solution was dripped into an aqueous solution of GO (100 ml, the concentration of GO was 3 mg ml −1 ) at a rate of 10 ml min −1 at room temperature. The mixture was stirred for 30 min on a magnetic stirrer, and it was put into a water bath and heated to 60°C. Then the ammonia solution was dripped rapidly into the mixture to adjust the pH between 9 and 10. The mixture was placed in the water bath and stirred at 60°C for 2 h. The mixture was collected by filtration. Then the samples were dried in a vacuum oven at 80°C for 12 h. After that, the samples were milled to obtain magnetic FGR.
0.075-g FGR and 0.675-g PR powder were weighed respectively and uniformly mixed together in the mortar. Then, the mixture was put under the hydraulic press (FLS, Taizhou, China) with the pressure of 30 MPa for 3 min, and then the round-shaped sample with diameter of 20 mm and thickness of 2 mm was obtained. The FGR-PR composite with the FGR content of 6 vol% was prepared and donated as FGR6. Using the same method, the FGR-PR composites with the FGR content of 20, 36, 57, 84, 91, and 98 vol% were prepared and donated as FGR20, FGR36, FGR57, FGR84, FGR91, and FGR98, respectively.
The microstructures of FGR-PR composites were observed by the FESEM (Hitachi, SU-70, Tokyo, Japan). The impedance (Z′ and Z″), conductivity (σ ac ), permittivity (ε′ and ɛ″), dielectric loss tangent (tanδ ε ), permeability (μ′ and μ″), and magnetic loss tangent (tanδ μ ) of the FGR-PR composites were measured from 10 MHz to 1 GHz by the Agilent E4991A precision impedance analyzer (Agilent Technologies) with 16453A dielectric test fixture under AC voltage 100 mV. The permittivity was calculated by the formula ε 0 ¼
, where C p and R p were the output data, d was the sample thickness, A was the electrode plate area, ε 0 was the absolute permittivity of free space (8.85 × 10 −12 F/m), and f was the frequency of the electric field. Alternate current conductivity was calculated by
. The impedance (Z′ and Z″) and permeability (μ′ and μ″) were directly measured by the impedance analyzer. Dielectric loss tangent was determined by tanδ e ¼ 3 Results and discussion Figure 1 gives the XPS spectra of the Fe 2p and C 1s signals from the FGR composites. As shown in Fig. 1a , two peaks were observed from the Fe 2p signal. The peak at 709.9 eV corresponded to Fe 2p 3/2 , contributing 67.31% to the total Fe 2p integrated intensity. Also, the Fe 2p 1/2 peak at 723.4 eV accounting for 32.69% of the total Fe 2p integrated intensity was also found, indicating that the Fe 3 O 4 was formed [31] . From the C 1s spectrum shown in Fig. 1b , four peaks attributed to C = C at about 284.6 eV, C − OH at about 285.1 eV, C = O at about 288.6 eV, and O − C = O at about 290.9 eV were observed, contributing 72. 13, 23.25, 3.19 , and 1.43% to the total C 1s integrated intensity, respectively [32] [33] [34] . These results showed that only few oxygen functional groups existed on the surface, indicating that GO was reduced completely to GR. Figure 2 gives the microstructures of the FGR and FGR-PR composites with different FGR contents. From Fig. 2a and b , the GR sheets with paper-like structures were observed and many Fe 3 O 4 particles were distributed uniformly on the surface of GR sheets, indicating that the Fe 3 O 4 @GR (FGR) composite was prepared successfully. When 36 vol% FGR was added into the PR matrix, the microstructure of FGR-PR composite (FGR36) is given in Fig. 2c . It was found that only few FGR composites were separated into the insulating PR matrix and they were not connected together, resulting in the poor connectivity of conductive phase. When the FGR content was increased to 84 vol% shown in Fig. 2d , a variety of FGR composites were distributed in the PR matrix and it was found that some FGR composites were connected with each other, forming the conductive networks. When the FGR content was further improved to 91 vol% (Fig. 2e) , the continuous conductive FGR networks throughout the PR matrix were observed.
Composition and morphologies of the FGR-PR composites

Alternate conductivity of the FGR-PR composites
The frequency dependences of alternate conductivity (σ ac ) from the FGR-PR composites with different FGR contents are shown in Fig. 3a. For FGR6, FGR20, FGR36, FGR57 , and FGR84, it was observed that the σ ac increased with the frequency. The solid line in Fig. 3a was fitted according to the power law (σ ac ∝ (2πf) n , n = 0.88), showing the hopping conduction behavior [35] . Also, the R factor of the fitted result was 0.99, indicating that the experimental result was consistently well with the power law. However, when the FGR content was increased to reach 91 and 98 vol%, it was found that the σ ac decreased with the frequency at high frequencies, indicating the metal-like conduction behavior [9] .
The relationship between σ ac and the different FGR contents at 40 MHz is shown in Fig. 3b . It was observed that the σ ac increased with the FGR content increased from 6 to 98 vol%, resulting from the improved interconnection of the conducting phase. The increase of σ ac for the composites with FGR content from 84 to 91 vol% was sharp, indicating that the percolation phenomenon and the percolation threshold were between 84 and 91 vol%. The percolation phenomenon was attributed to the formation of the continuous conductive network. The solid line shown in Fig. 3b was fitted by the percolation theory (
, where f FGR was the volume fraction of the conducting phases, f c was the percolation threshold, and t and s were the corresponding critical exponent. The fitted percolation threshold was f c = 87 vol%. R factor of the fitted result was 0.89, indicating that the experimental results were consistently well with the percolation theory.
Dielectric properties of the FGR-PR composites
Frequency dispersions of real permittivity (ɛ′) for the FGR-PR composites with different FGR contents are shown in Fig. 4a . It was observed that the ɛ′ increased when the FGR content was increased from 6 to 84 vol%, attributing to the interfacial polarization and microcapacitor effects [36] . It was also found that the ɛ′ of the FGR-PR composites with FGR content from 6 to 84 vol% was positive over the whole frequency, contributing to ∑E i + E p < E f , where ∑E i was induced electric field, E p was polarization electric field, and E f was original electric field [37] . However, the transition of ɛ′ from positive to negative was observed when FGR content reached 91 vol% and the transition frequency was near 460 MHz. The appearance of negative permittivity from FGR91 might be attributed to a dielectric resonance which was called Lorentz model: [38] [39] [40] [41] [42] [43] 
where ω p (ω p = 2πf p ) was the angular plasma frequency describing the resonance strength, f p was the plasma frequency, ω 0 (ω 0 = 2πf 0 ) was the angular resonance frequency, f 0 was the resonance frequency, ω (ω = 2πf) was the angular frequency of the applied electromagnetic field, and Γ L was the damping constant related to the resonance. When the frequency of applied electromagnetic field exceeded the resonance frequency, the negative permittivity was observed. However, for FGR98, the ɛ′ was negative over the whole frequency. The solid line was fitted by the Drude model [44] , and R factor of the fitted result was 0.97, indicating that the result was consistently well with the Drude model. Frequency dispersions of imaginary permittivity (ɛ″) for the FGR-PR composites with different FGR contents are shown in Fig. 4b . It was found that the ɛ″ of the FGR-PR composites increased with increasing FGR content, indicating enhanced dielectric loss. Dielectric loss was mainly caused by interfacial polarization and conduction [45] [46] [47] [48] [49] . The interfacial polarization enhanced with the increasing FGR content, resulting in enhancement of interfacial polarization loss. According to the discussion of conductivity, the σ ac increased with the FGR contents, so the electrical leakage enhanced, leading to the increase of conduction loss. As a result, the ɛ″ increased when the FGR content was increased from 6 to 98 vol%.
The relationships between dielectric loss tangent (tanδ ε ) and frequency for the FGR-PR composites with different FGR contents are shown in Fig. 4c . When the FGR content was below percolation threshold, it was found that the tanδ ε values were small and ranged from 0.05 to 1 as FGR content increased from 6 to 84 vol%, indicating the low dielectric loss. When FGR content was above percolation threshold, the tanδ ε values were over 1 within the measured frequency range. It was observed that the tanδ ε of FGR91 reached a peak at about 460 MHz. Interestingly, the tanδ ε of FGR98 decreased firstly with the frequency before 300 MHz and then increased with the frequency. Figure 5 gives the equivalent circuit models for the FGR-PR composites with different FGR contents. The equivalent circuit models were used to analyze electrical characters of composites. For the FGR-PR composites below percolation threshold, the equivalent circuit models of FGR6, FGR20, and FGR36 were shown in Fig. 5a , b, and c, consisting of a combination of resistor R and capacitor C. The model showed that the FGR-PR composites below percolation threshold exhibited a capacitive behavior indicating that the voltage phase lagged behind the current phase. The solid lines were fitted results according to the equivalent circuit models. The chisquared statistic for FGR6, FGR20, and FGR36 was 2.78 × 10 , respectively, indicating that the experimental results agreed well with the equivalent circuit models. It was observed that C values in the equivalent circuit models enhanced with the FGR contents. This is because C was determined by polarized electrons, and the interfacial polarization enhanced with increasing FGR content, resulting in the increase of C values [50] .
Equivalent circuit analysis of the FGR-PR composites
When the FGR content was increased to exceed the percolation threshold, the equivalent circuit model of FGR98 containing a combination of R, C, and inductor L was shown in Fig. 5d . The introduction of L indicated an inductive behavior that the current phase lagged behind the voltage phase. The inductive behavior resulted from the formation of continuous conductive network, the characteristic of negative permittivity. The chi-squared statistic of fitted results (solid lines in Fig. 5d ) was 4.7 × 10 −4 , showing that the equivalent circuit model was effective. Figure 6a gives the real permeability (μ′) spectrum of FGR-PR composites with different FGR contents. It was observed that the μ′ increased from 1.17 to 4.1 when FGR content increased from 6 to 98 vol%. The μ′ is determined by magnetocrystalline anisotropy K and saturation magnetization M s : [51] 
Magnetic properties of the FGR-PR composites
FGR in the nonmagnetic PR matrix produced the magnetic lines of force and generated an internal magnetic field under an external magnetic field, which was equivalent to the decrease of magnetocrystalline anisotropy K. In addition, the composites had higher saturation magnetization M s with [52, 53] . The permeability dispersion formulas were as follows: [35] 
where χ d0 and χ s0 were the static magnetic susceptibility of the domain wall and gyromagnetic spin motions, χ d and χ s were the magnetic susceptibility of the domain wall and gyromagnetic spin motions, ω d and ω s were the resonance frequency of the domain wall and gyromagnetic spin, α and β were the damping factors, and ω = 2πf was the angular frequency of the applied electromagnetic field. In radio frequency region, the domain wall resonance in the FGR-PR composites appeared [52] . Meanwhile, the gyromagnetic spin resonance generated under the action of an external alternating magnetic field and resulted in a large damping factor. As a result, the frequency dispersion of permeability occurred. Figure 6c gives the relationships between magnetic loss tangent (tanδ μ ) and frequency for the FGR-PR composites with different FGR contents. It was observed that the tanδ μ of FGR-PR composites decreased firstly before about 200 MHz and then increased with the frequency. For the FGR-PR composites, the magnetic loss was mainly attributed to eddy current and natural resonance [54] . The decline of tanδ μ resulted from natural resonance. When the eddy current made main contributions to the magnetic loss, the magnetic loss was expressed by the formulas: [55] 
where μ 0 was the permeability in a vacuum, d was the sickness of samples, σ dc was electric conductivity, and f was the frequency. For the certain composite, the d, σ dc , and μ 0 were constant, so the value of C 0 was constant with the frequency when the magnetic loss resulted from eddy current. The relationships between the C 0 and frequency for the FGR-PR composites with different FGR contents are shown in Fig. 6d . It was found that the C 0 of all composites decreased with the frequency in the low-frequency region and almost remained constant in the high-frequency region. As a result, it was implied that the magnetic loss was mainly ascribed to natural resonance in the low-frequency region and eddy current in the high-frequency region.
Conclusions
In conclusion, the FGR-PR composites with magnetic properties and tunable negative permittivity were prepared by chemical coprecipitation and mechanical pressing method. The microstructures were observed by FESEM, and dielectric properties and magnetic properties were investigated in detail.
With the increasing FGR content, a percolation phenomenon from σ ac was observed and the percolation threshold was 87 vol% of FGR content. Meanwhile, the conductive mechanism transferred from hopping conduction to metal-like conduction. When the FGR content exceeded percolation threshold, the negative permittivity was observed in the FGR-PR composites. Especially for FGR91, a transition of permittivity from positive to negative at about 460 MHz was observed.
The dielectric loss enhanced with the increasing FGR content. In addition, the equivalent circuit models were effective, showing the capacitive behavior below percolation threshold and the inductive behavior above percolation threshold. The real permeability enhanced from 1.17 to 4.1 with increasing FGR content, which was related to the magnetocrystalline anisotropy and saturation magnetization. The magnetic loss decreased firstly and then increased with the frequency, resulting from eddy current and natural resonance. The FGR-PR composites with negative permittivity and magnetic properties simultaneously show significant potential in bigyrotropic materials, magneto-optical materials, magnetic recording systems, sensors, machine intelligence, electromagnetic interference absorbing, and other fields [56] [57] [58] [59] [60] [61] [62] .
